Modification of the implant surface with the Arg-Gly-Asp tripeptide (RGD) putatively facilitates osteoblast attachment for improved implant fixation in the laboratory. We compared the histomorphometric and mechanical performance of titanium implants coated with RGD using a novel interface of self-assembled monolayers of phosphonates (RGD/SAMP) and implants coated with RGD using the more conventional thiolate-gold interface (RGD/thiolate-gold). We hypothesized RGD/SAMP-coated implants would show greater bone ongrowth and implant fixation than RGD/thiolate-gold-coated ones. We implanted an RGD/SAMP-coated implant in one femur and an RGD/ thiolate-gold-coated in the contralateral femur of 60 rats. At 2, 4, and 8 weeks after implantation, 10 rats were sacrificed for histologic evaluation and another 10 for biomechanical testing. Bone-implant ongrowth and implant force-to-failure of the two implants were similar at all times. Although RGD/SAMP-coated implants did not show superior bone ongrowth and implant fixation, RGD/SAMP-coated implants have at least equally good histomorphometric and mechanical in vivo performance as RGD/thiolate-goldcoated ones. Additional in vivo characterization of selfassembled monolayer films of phosphonates as interface to bond RGD to titanium is needed to explore its full potential and seems justified based on the results of this study.
Introduction
Bone ongrowth onto the implant surface enhances implant fixation and improves resistance to migration of particles with osteolytic potential [21, 30, 50] . Various surface coatings and texturing techniques have been studied for their potential to enhance this bone ongrowth [2, 5, 16, 21, 28, 33, 45, 49] . With these techniques anchorage-dependent cells, such as osteoblasts, must adhere to a surface to survive and perform subsequent cellular functions [4, 27] . Adhesion of such cells to the extracellular matrix of bone involves cell attachment and spreading, organization of the cytoskeleton, and formation of focal adhesions [1, 39] . Extracellular matrix proteins play a regulatory role in these processes. Only after successful adhesion will the osteoblast go through its subsequent stages of development in the process of osteogenesis: proliferation and synthesis of extracellular matrix, matrix maturation and organization, and matrix mineralization [46, 47] .
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Cell-extracellular matrix and cell-cell interactions are complex and occur in large part through interaction of specific amino acid sequences, particularly the tripeptide Arg-Gly-Asp (RGD) [7, 17, 22, 24, 32, 35, 36, 48] , with integrins on the surface of osteoblasts and on other cells [4, 25, 40] . Binding of RGD also plays a major role in osteoblast function and development, attachment [8, 9, 26, 27, 37, 39] , cell spreading [39] , proliferation [27] , migration [8] , extracellular matrix production [26] , and mineralization [9, 26] . Accordingly, considerable effort has been made to bond RGD to implant surfaces in model systems [8, 9, 26, 27, 35, 36, 39] to enhance osteoblast attachment and subsequent bone ongrowth in vivo [12] [13] [14] 41] .
Titanium implants are naturally coated with a surface oxide that is chemically resistant; therefore, an interface must be created on the implant surface to enable further bonding of organics to such implants. The currently accepted standard interface is the thiolate-gold interface. This interface reportedly decomposes in air over several days [15, 29, 42, 52] . A novel interface of self-assembled monolayer films of phosphonates (SAMP) is mechanically strong and chemically stable in air, while enabling high surface coverage by organics [19, 20] . In particular, SAMP have been used to couple RGD to titanium to promote cell attachment in vitro [18, 43] .
We hypothesized RGD/SAMP-coated implants would show greater bone ongrowth, measured as bone-pin contact, than RGD/thiolate-gold-coated ones and better implant fixation, measured as implant force-to-failure.
Material and Methods
We implanted an RGD/thiolate-gold-coated smooth titanium rod (15.0 mm 9 1.6 mm) in one femur and an RGD/ SAMP-coated one in the contralateral femur of 60 male Sprague-Dawley rats (Harlan Co, Indianapolis, IN). All rats were 12 weeks of age at the time of implantation and had an average mass of 382 ± 41 g (range, 285-466 g). The animals were administered the bone fluorochromes calcein (20 mg/kg) and tetracycline HCl (20 mg/kg) at two distinct times to enable calculations of bone formation and mineralization rates. At 2, 4, and 8 weeks after implantation, 10 animals were sacrificed for histomorphometric analysis (Group I) and 10 for mechanical testing (Group II). Assuming the analysis was simplified to a paired comparison, with 30 animals with complete data, we would be able to detect an effect size of 0.53. We considered an effect size of 1.0 biologically meaningful. The analysis takes advantage of the paired nature of the data when possible (complete data) and thus was able to detect a slightly larger effect size than estimated here. Approval was obtained from the Institutional Animal Care and Use Committee at the Mayo Clinic, Rochester, MN. NIH guidelines for the care and use of laboratory animals were observed.
Titanium alloy (Ti-6Al-4V) rods, 1.6 mm in diameter, were hand-sanded using sandpaper coated with 240, 500, 800, and 1200 grit SiC. The titanium rods were washed with sonication in dichloromethane (30 minutes), then methyl ethyl ketone (30 minutes), and then methanol (three 15-minute intervals). Then, the titanium rods were covalently coated with RGD.
For the RGD/thiolate-gold group, the rods were coated using an Edwards Coating System (Edwards, Inc, Wilmington, MA) at reduced pressure. A layer of chromium (approximately 100 Å ) was deposited followed by a layer of gold (approximately 1000 Å ). Thickness of the deposited layers was monitored using a quartz crystal microgravimetry crystal located in the evaporating chamber. The rods then were cut into 15.0-mm pins and cleaned by washing with sonication in acetone (45 minutes) followed by the solvent-washing regimen as described previously. After solvent cleaning, all samples were placed in an oven at 120°C for at least 1 hour until needed. The pins then were immersed in a 0.5 mmol/L solution of RGDC peptide (Arg-Gly-Asp-Cys) in Milli-Q 1 water (Milli-Q 1 Ultrapure Water Purification System; Millipore Corp, Bellerica, MA) with a final solution pH of 6.5. Containers were covered, and the pins were allowed to react with the RGDC for 24 hours with stirring. The pins then were rinsed briefly with sonication in Milli-Q 1 water and were blown dry with nitrogen. For the RGD/SAMP group, the titanium rods were cut into 15.0-mm pins, which were cleaned by washing with sonication in acetone (45 minutes) and then by the solvent-washing regimen as described previously. They then were coated with SAMP of 11-hydroxyundecylphosphonic acid (PUL; 1) and converted to RGD-SAMP as previously described [18] . Quartz crystal microgravimetry showed the amounts of RGD bound to the SAMP interface or to thiolate-gold were comparable (0.22 nmol/cm 2 for the SAMP and 0.25 nmol/ cm 2 for the thiolate-gold) [18] .
After modification with RGD, both sets of pins were sterilized with ethylene oxide at 55°C for 3 hours after which they were kept in an oven for 10.5 hours to allow the excess ethylene oxide to evaporate. The RGD/SAMP system is stable to ethylene oxide sterilization [44] . All pins were stored at room temperature.
We anesthetized the rats with a ketamine hydrochloride/ xylazine hydrochloride mixture (90/10 mg/kg) and provided analgesia with one intramuscular injection of buprenorphine hydrochloride (0.02-0.1 mg/kg), the rats' legs were shaved and disinfected with Betadine 1 (Purdue Pharma LLP, Stamford, CT) (30% solution). The knee was opened and the patella was released and subluxated laterally. The intercondylar notch of the femur was broached using an 18-gauge needle (1.02 mm/0.04 inch). The femoral canal was reamed sequentially with 18-and 16-gauge needles (1.29 mm/0.05 inch). The pin was inserted past the cortex of the femoral condyles so it was fully contained in the medullary canal. Then the patella was reduced and the patellar tendon was repaired with resorbable sutures (Vicryl TM 1/0; Ethicon Inc, Somerville, NJ). The skin was closed with 9-mm cutaneous staples (Becton Dickinson and Co, Parsippany, NJ). Correct intramedullary placement of the pin was confirmed using fluoroscopy. Postoperatively, analgesia was obtained with shots of buprenorphine hydrochloride (0.02-0.1 mg/kg) every 12 hours for 3 days. Immediate weightbearing was allowed and food and water were available ad libitum. We sacrificed the animals by intraperitoneal injection of an overdose of pentobarbital (1 mL).
We evaluated interfacial shear strength by means of push-out testing. After determining the position of the pin in the specimen with fluoroscopy, the femur was cut just proximal and distal to the pin using a rotating blade. The specimen then was aligned visually in the servohydraulic testing machine (MTS, Minneapolis, MN) and held in place with a clamp. A metal rod (1 mm in diameter) was used to push out the pin at a rate of 0.1 mm/second. Force and displacement data were recorded with a personal computer. A typical force-displacement curve shows a sharp peak force when the metal rod contacted the implanted pin followed by a sharp decline (force-to-failure). We confirmed with real-time fluoroscopy implant failure occurs at this point. We excluded 10 RGD/SAMP (test) and 5 RGD/ thiolate-gold-coated (control) pins from the analysis that did not follow this typical pattern because they likely indicate the implant was aligned improperly in the medullary canal. The force to produce implant failure was expressed in Newtons [10] .
Two groups of specimens were available for histomorphometric analysis. Group I consisted of specimens that were per protocol assigned to histomorphometry and consequently yielded tissue sections containing implants. From these Group I specimens, 20-to 30-lm-thick longitudinal sections were prepared with the Exakt Sectioning and Grinding System (Exakt Apparatenbau GmbH, Norderstedt, Germany) after the specimens had been fixed (70% alcohol), dehydrated (90% ethanol), and embedded without demineralization in a mixture of methylmethacrylate: 2-hydroxymethacrylate (12.5:1). These sections then were stained with toluidine blue. Group II consisted of specimens that were per protocol reserved for mechanical testing and consequently yielded tissue sections without implant; these specimens had been wrapped in salinesoaked gauze (physiologic 0.9% sodium chloride) after mechanical testing and frozen at -20°C. From these Group II specimens, 5-lm-thick longitudinal sections were prepared with a Reichert-Jung microtome (Leica Microsystems, Wetzlar, Germany). These sections were stained with Trichrome-Masson stain for identification of mineralized and unmineralized bone and mounted unstained for measurement of fluorochrome labels. We could not obtain tissue-quality slides from Group II specimens at the 2-week point, presumably because of poor quality of bone present at that time; therefore we obtained histologic evaluation only for the toluidine-stained slides (Group I). Older, mineralized, lamellar bone displayed osteocytes surrounded by a lavender-stained bone matrix. Newer, less mineralized bone stained blue; it lacked the presence of osteocytes and displayed a woven pattern of bone formation instead of the organized lamellar bone structure as seen with the older bone. Histomorphometric evaluation involved measurement of the following parameters using the OsteoMeasure TM semiautomatic image analysis system (OsteoMetrics, Inc, Atlanta, GA): bone-pin contact (a measure for bone ongrowth onto the implant) and bone/ medullary cavity were measured on toluidine-stained sections from Group I; and fibrous tissue interposition and fibrous tissue width were measured on Trichrome-Massonstained sections from Group II (Table 1 ) [34] .
The primary analysis examined the two outcomes of bone-pin contact and implant force-to-failure. Secondary analysis examined bone/medullary cavity, fibrous tissue interposition, and fibrous tissue width. Each analysis was a two-factor analysis of variance model, the factors being time of sacrifice and the interface (SAMP or thiolate-gold), this last factor being a repeated factor (using two femurs in the same rat). The analysis was performed using the SAS 1 Examining the differences (difference between the two implants in one animal) in interfaces for rats with complete data gave rise to similar conclusions.
Results
Bone ongrowth, expressed as bone-pin contact, was similar (p = 0.10) for implants coated with RGD using the SAMP interface (RGD/SAMP) and implants coated with RGD using the thiolate-gold interface (RGD/thiolate-gold) at all times ( Table 2) . The difference between the two coatings did not depend (p = 0.27) on survival time. There was, however, an increase (p \ 0.001) in overall bone ongrowth with increasing survival time. Most of the 2-week slides showed woven bone in the medullary cavity that bridged the gap between the implant surface and the endocortical perimeter (in nine of 10 RGD/SAMP specimens and in six of nine RGD/thiolate-gold specimens that rendered slides of sufficient quality) (Fig. 1) . The 4-week slides showed similar bridging with woven bone (in five of eight RGD/ SAMP specimens and in eight of nine RGD/thiolate-gold specimens that rendered slides of sufficient quality). The 8-week slides showed smaller amounts of woven bone with no evidence of bridging in any of the slides (in zero of 10 RGD/SAMP specimens and in zero of 10 RGD/thiolategold specimens). Instead, there were more lavenderstained, mineralized bone trabeculae that were aligned and juxtaposed to the implant surface. In the majority of the specimens, there was fibrous tissue interposed between the implant surface and the newly formed bone covering the implant (for the 4-week point, in three of five RGD/ SAMP specimens and in five of eight RGD/thiolate-gold specimens; and for the 8-week point, in four of six RGD/ SAMP specimens and in six of seven RGD/thiolate-gold specimens that rendered slides of sufficient quality; 2-week specimens not available for this group) (Figs. 2, 3 ). Values are least-squares mean, with standard error of the mean in parentheses; * denotes significance between groups (p = 0.04); SAMP = self-assembled monolayers of phosphonates; NA = not available. Implant fixation was similar (p = 0.44) for implants coated with RGD using the SAMP interface (RGD/SAMP) and implants coated with RGD using the thiolate-gold interface (RGD/thiolate-gold) at all times (Fig. 4) . The difference between the two coatings did not depend (p = 0.79) on survival time. Overall implant fixation increased (p \ 0.001) with increasing survival time.
Secondary analysis suggested the extent and the width (ie, thickness) of the fibrous tissue interposition between the implant and the newly formed bone covering the implant were similar for the two coatings at either 4 or 8 weeks (p = 0.31 and p = 0.84, respectively) and without an increase from 4 to 8 weeks for either one (p = 0.48 and p = 0.69, respectively) ( Table 2 ). Bone area/bone marrow area was greater for implants coated with RGD/ SAMP than implants coated with RGD/thiolate-gold at 2 weeks (p = 001), but not at 4 and 8 weeks (p = 0.73 and p = 0.96, respectively) ( Table 2 ).
Discussion
Surface modification of orthopaedic implants with RGD to enhance bone ongrowth and subsequent implant fixation has been studied in vitro and in vivo [8, 11, 26, 27, 31, 35, 36, 38, 51] . Coating of titanium implants with RGD requires a chemically stable interface. The current accepted standard, a thiolate-gold interface, decomposes in a few days. We therefore explored a novel SAMP interface, which is chemically stable for longer duration, with implants coated with RGD using the thiolate-gold interface. We hypothesized, because of its superior chemical stability in air, implants coated with RGD using this novel SAMP interface would show greater bone ongrowth and implant fixation.
Some limitations of this study reduce the power of our study to interpret findings and detect differences. This study did not include comparison of RGD/SAMP-coated with uncoated implants to allow for paired comparison and more powerful interpretations. Because implants coated with RGD using the gold-thiolate interface show enhanced implant osseointegration compared with uncoated titanium implants, we believe the current study design allows for a sound characterization of RGD/SAMP-coated implants [14] . Not all specimens yielded sections of satisfactory quality for analysis; this limits our power to detect differences between the two groups. Assuming the analysis was simplified to a straightforward paired comparison, post hoc estimation tells us we had 80% power to detect an effect size of 0.60 for bone-pin contact and an effect size of 0.75 for force-to-failure. We did not include surface analysis of the implants with time; this would have provided direct information about the chemical stability of both interfaces. Other limitations are thought to affect the results for both groups equally and therefore are less likely to bias the results; they may, however, complicate comparison with other studies. Despite using the same model, surgical technique, and implant size as those described by Ferris et al. [14] , we did not obtain perfect press-fit placement of all implants; if the implant is not press-fit at Time Zero, osteoblasts first need to migrate to the implant surface, and bone ongrowth may be delayed and thus reduced as a function of survival time. Resection of the proximal and distal parts of the femur during preparation of the specimen for push-out testing could have damaged the microstructure of the newly formed bone surrounding the implant, which could result in underestimation of implant fixation. Pushout testing carries the risk of suboptimal alignment of the load application with a subsequent increase in friction, Fig. 3 The photomicrograph shows a longitudinal section through an 8-week specimen containing an RGD/SAMP-coated implant (black area). Fibrous tissue interposition (white arrow) is observed between the implant surface and the newly formed bone adjacent to the implant (gray arrow) (Stain, toluidine blue; original magnification, 9100). which may result in overestimation of the push-out force. Evaluation of bone bridging of the gap between the implant surface and the endocortical perimeter is influenced by the orientation of the implant in the femoral canal and of the sectioning plane in relation to the implant axis; analysis of oblique sections or obliquely oriented implants may result in over-or underestimation of bone ingrowth. In addition, correlations between histologic findings and mechanical data should be interpreted with caution; implant fixation is dependent on bone bridging of the gap between the implant surface and the endocortical surface and also on the amount and the quality of the bone bridging the gap [41] . These parameters are not possible to quantify for the entire implant surface with a two-dimensional presentation such as a histologic slide. Finally, comparison of in vivo studies is complicated because of important differences in study design: different animal models, implantation sites, implant materials and surfaces, and RGD characteristics and survival times [12, 13] . Despite these limitations, we believe the design allows comparison between the RGD/SAMPand RGD/thiolate-gold-coated implants per se. Levels of RGD peptide loading on the titanium alloy and gold surfaces were comparable (22 nmol/cm 2 for the SAMP interface and 0.25 nmol/cm 2 for the gold-thiolate interface), as measured by quartz crystal microgravimetry, using a procedure developed to allow dynamic measurements of surface loading [18] . Whereas the gold-thiolate interface decomposes in vitro during a period of several days [15, 29, 42, 52] , the SAMP interface remains stable for a longer period of time [44] . Despite this comparable RGD content in combination with superior chemical stability of the SAMP interface, implant bone coverage of RGD/SAMP-coated implants, considered regardless of interposing fibrous tissue, was not different from RGD/ thiolate-gold-coated implants. The total amount of bone formation in the marrow space around the implant was greater with the RGD/SAMP-coated pins than with the RGDC/thiolate-gold-coated ones at 2 weeks, but not at the later times. Although the interpretation of this finding is not completely clear, it could suggest a larger initial osteoblast attracting potential of the RGD/SAMP system, possibly because of prolonged chemical stability of the RGD/SAMP coating.
At 2 weeks, there was bone bridging of the gap between the implant and endocortical surface in most of the specimens. Although with the RGD/SAMP-coated implants there was considerably more bone formation in this gap at 2 weeks than with the gold-thiolate interface, the immaturity of this bone, which renders it relatively weak compared with mature bone, could explain the lack of difference in mechanical performance at this time [41] . Although bridging of the gap was observed at 4 weeks, the amount of bone was not different between the two interfaces. This could explain why we observed no mechanical difference at this time. At 8 weeks, there was no bridging observed in any of the specimens and a mechanical difference thus would seem less likely. Although there was no difference in implant force-to-failure between the two interfaces at any time, there was an increase in the force-to-failure with lengthening of the survival time, particularly from 4 to 8 weeks, despite a decrease in the amount of bone between the implant and the cortical inner perimeter from 4 to 8 weeks and the absence of bridging at 8 weeks. This increase in implant force-to-failure with time has been reported and is suggestive of progressive osseointegration with time [3, 14] . A temporary reduction in bone-implant contact between 3 and 28 days after implantation has been reported, which has been contributed to installation trauma, inflammation, and removal of injured bone tissue at the interface [3, 10] .
The majority of specimens showed fibrous tissue interposition between the implant surface and the newly formed bone covering the implant. The extent and width of this fibrous tissue layer were not different for the RGD/SAMPand RGD/thiolate-gold-coated implants. This fibrotic layer could at least in part account for the nonspecific effect of surface coating on implant force-to-failure by acting as a barrier to bone ongrowth. The RGD tripeptide not only fosters osteoblast attachment [8, 9, 26, 27, 37, 39] but also interacts with other cells, including fibroblasts [22, 31, 35] . Also, micromotion of orthopaedic implants is associated with the development of an interposed fibrous membrane.
The SAMP interface does have a mechanical strength advantage over the thiolate-gold interface. The mechanical shear strength of the SAMP interface on titanium (a bulk materials property) is 52.1 ± 2.1 MPa [6] . No comparable measurement of the shear strength of an alkanethiolate film on gold has been reported, but the force associated with rupturing a discrete, molecular gold-thiolate bond has been measured as 1.4 ± 0.3 nN [23] . To compare bulk mechanical properties of the SAMP on titanium with molecular ones for the alkanethiolate on gold, it is necessary to convert the interfacial shear strength of the SAMP accordingly to a molecular basis. The surface loading for a PUL film on titanium has been measured by quartz crystal microgravimetry to be 1.00 ± 0.09 nmol/cm 2 ; thus, the shear strength of the film on titanium, on a molecular basis, is 8.65 9 10 -8 Pa, or 86.5 nN 6 , which is greater than the thiolate-gold interface. We did not address the failure mode of the implants, at the implant-interface bond or at the coating-surrounding tissue bond (bone or fibrous) interface. As long as this failure mode is not known, the importance of the biomechanical strength advantage of the RGD/ SAMP system remains unclear.
We evaluated the in vivo performance of a newly developed interface of SAMP to bond the tripeptide RGD to the Ti-6Al-4V surface and compared its performance with that of the more conventional gold-thiolate interface. Although the RGD/SAMP-coated implants did not show superior bone ongrowth and implant fixation, as was hypothesized, RGD/SAMP-coated implants have shown equally good histomorphometric and mechanical performance in vivo as RGD/thiolate-gold-coated ones. Continuation of in vivo characterization of the newly developed SAMP interface to bond RGD to titanium seems justified and must address comparison with an unmodified titanium surface, the importance of press-fit implant placement, direct analysis of the implant surface, and competition between fibroblasts and osteoblasts for the RGD anchor.
